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In the field of nonlinear optics there is a continued need for new materials with improved linear and nonlinear optical characteristics. For frequency conversion in the visible and ultraviolet ͑UV͒, birefringent crystals of ␤-BaB 2 O 4 ͑BBO͒ and LiB 3 O 5 ͑LBO͒ have, for many years, been established as materials of choice. The deep UV transparency well below 300 nm, moderate nonlinear coefficients ͑d eff ϳ 1-2 pm/V͒, high optical damage threshold, low cost, and ready availability have made BBO and LBO ideal candidates for a wide range of frequency conversion devices and applications, particularly involving high pulse energies.
Bismuth triborate, BiB 3 O 6 ͑BIBO͒, is an interesting nonlinear material with unique optical properties for frequency conversion in the visible and UV. [1] [2] [3] It offers an optical transparency from 2.7 m in the infrared down to 280 nm in the UV. While the UV transmission cutoff of BIBO is at a longer wavelength than BBO and LBO, it offers substantially larger effective nonlinearity ͑d eff ϳ 3.7 pm/ V͒, 4 which is comparable to KTiOPO 4 . As a biaxial crystal, BIBO also exhibits very versatile phase-matching properties, large angular and spectral acceptance bandwidths, low spatial walk-off, and broadband angle tuning at room temperature. 3 Such combination of properties makes BIBO highly attractive for frequency conversion in the visible and UV.
Since the first studies of the linear optical properties of BIBO, 2 nanosecond optical parametric oscillation and harmonic generation, 10,11 efficient single-pass SHG of tunable picosecond and femtosecond pulses into the blue, 4, 12 and UVinduced two-photon absorption. 13 In this letter we report efficient third harmonic generation ͑THG͒ of microjoule, picosecond pulses at 355 nm in BIBO. By using two BIBO crystals for both SHG and THG stages and optimized experimental design, we demonstrate conversion efficiencies of as much as 50% to the third harmonic. Pulse energies of 216 J in durations of 29 ps have been obtained.
A schematic of the experimental setup is shown in Fig.  1 . The fundamental pulses were derived from an amplified mode-locked Nd:YAG laser at 1.064 m ͑EKSPLA, PL2140͒, delivering picosecond pulses with energies up to 1 mJ at a repetition rate of 25 Hz. The fundamental pulse length, deduced from autocorrelation measurements in a 1 mm crystal of BIBO ͑ = 90°, = 152°͒, was 35 ps. The fundamental beam was determined by direct measurements to have a TEM 00 spatial profile with an M 2 ϳ 1 and a beam diameter ͑full width at 1 / eseveral different BIBO crystal samples and various focusing and collimating conditions for the fundamental and second harmonic pulses. The best results were obtained with the optimized setup shown in Fig. 1 . The design allows direct control of the temporal and spatial overlaps between the fundamental and second harmonic pulses using two separate optical paths and a delay line. It also enables arbitrary variation of the energy ratio between the fundamental and second harmonic pulses in the third harmonic crystal and provides an undepleted fundamental pulse for the THG process. The control of temporal and spatial overlaps and energy ratio between the fundamental and second harmonic and the use of an undepleted fundamental result in the highest conversion efficiency and pulse energy as well as the shortest pulse duration at 355 nm.
In the experimental setup of Fig. 1 , the ratio of fundamental and second harmonic pulse energies is varied using a half-wave plate and polarizing cubic beam splitter, which is antireflection coated at 1.064 m. The delay line is provided by four 45°plane high reflectors at 1.064 m. The undepleted fundamental and generated second harmonic pulses are then combined using a dichroic mirror ͑highly reflective at 1.064 m, highly transmitting at 532 nm͒ before entering the third harmonic crystal. The highest pulse energy and conversion efficiency at 355 nm were obtained with no focusing for both fundamental and second harmonic beams.
We investigated several different crystals of various lengths and apertures. The best results were obtained with a 10 mm crystal for SHG and a 3.26 mm crystal for THG. We found that the use of longer THG crystals resulted in lower conversion efficiency at 355 nm due to the increased effects of two-photon absorption. Both crystals were uncoated and cut for type I ͑e + e → o͒ phase matching in the optical yz plane ͑ =90°͒ to maximize the effective nonlinear coefficients. 3 For the SHG stage we used a crystal, 3 ϫ 4 mm 2 in aperture, cut at = 169°, with a calculated effective nonlinearity d eff = 3.3 pm/ V. 3 For the THG stage we used a crystal, 5 ϫ 6 mm 2 in aperture, cut at = 146°, with corresponding d eff = 2.9 pm/ V. 3 All experiments were performed at room temperature.
In order to obtain the highest THG efficiency, at a given fundamental pulse energy, we adjusted the ratio of the fundamental and second harmonic pulse energies at the input to the THG crystal using the half-wave plate and beam-splitter combination. In Fig. 2 , the maximum THG pulse energy and efficiency are plotted as functions of the total ͑fundamental plus second harmonic͒ pulse energy at the input to the THG crystal. The data have been corrected for the reflection losses at the uncoated facets of the THG crystal. For each fundamental pulse energy, the ratio of the fundamental and SHG pulse energies was optimized to yield the maximum THG output. Over the range of measurements, the ratio of the fundamental to second harmonic pulse energy along the abscissa of Fig. 2 varied between 1 and 1.5. As evident from the plot, single-pass conversion efficiencies in excess of 50% and maximum pulse energies of up to 216 J at 355 nm were obtained for a total pulse energy of 441 J at the input to the THG crystal.
Temporal characterization of the 355 nm pulses was performed using noncollinear cross-correlation between the fundamental and third harmonic pulses in a 2 mm BBO crystal ͑ =20°͒, and the generated pulse energy at 266 nm was recorded as a function of delay between the two pulses. A typical background-free cross-correlation trace, at the maximum THG pulse energy, is shown in Fig. 3 . To obtain the THG pulse duration, we performed deconvolution of the cross-correlation result in Fig. 3 with that of the fundamental pulse, and assuming a Gaussian temporal profile, this leads to a THG pulse duration of 29 ps ͑full width at half maximum͒. The corresponding SHG pulse duration was also determined using the experimental setup of Fig. 1 , through collinear cross-correlation between the fundamental and second harmonic pulses in the same third harmonic crystal ͑ = 90°, = 146°͒. This resulted in a SHG pulse length of 40 ps. In any frequency conversion experiment involving high pulse intensities, an important parameter is multiphoton ab- sorption. In BIBO, with an UV absorption edge near 280 nm, two-photon absorption ͑TPA͒ may be a significant factor in the attainment of the highest conversion efficiency in our experiments. To ascertain the role of TPA, we performed absolute measurements of TPA coefficient in BIBO at 355 nm using the transmittance approach 14 in an uncoated sample under non-phase-matched conditions. The crystal was cut at = 155°͑ =90°͒ at normal incidence and had dimensions of 5 ϫ 10 mm 2 ϫ 10 mm long. The generated third harmonic beam was focused inside the crystal and we recorded the transmittance as a function of input pulse intensity at 355 nm by varying the input pulse energy. The diameter ͑full width at 1 / e 2 intensity level͒ of the 355 nm beam at the center of the crystal was 2w 0 ϳ 770 m. The TPA coefficient was determined for two orthogonal linear polarizations of the input beam at 355 nm, an ordinary ͑o͒ polarization parallel to the crystallographic b axis ͑optical x axis͒, and an extraordinary ͑e͒ polarization in the crystallographic ac plane ͑optical yz plane͒.
The results of measurements for the o and e polarizations are shown, respectively, in Fig. 4 , where the percentage crystal transmittance at 355 nm is plotted against the input pulse intensity. It is evident from the plots that BIBO exhibits higher absorption for the e polarization than for the o polarization.
Assuming a Gaussian profile for the input pulses in time and space, the energy transmittance through the nonlinear crystal of length l in the presence of linear absorption is given by 13, 14 
where ␣ is the linear absorption coefficient,
is the initial transmittance, ␤ is the TPA coefficient, I 0 is the maximum on-axis intensity, R = ͑n −1͒ 2 / ͑n +1͒ 2 is the Fresnel reflectivity of crystal faces, and =2t / p . p is the pulse width at 1 / e level ͑the full width at half maximum pulse width is given by = p ͱ ln 2͒. To obtain the TPA coefficient, we first evaluated the linear absorption coefficients at 355 nm from the experimental transmission values by correcting for the Fresnel reflection loss at the uncoated crystal faces. Using the above equation, we calculated the TPA coefficient, ␤ i , corresponding to the theoretical curve passing through this point and the initial transmission value ͑T o = 0.812, T e = 0.759͒. The overall TPA coefficient value was determined as the arithmetic average of all ␤ i related to the corresponding curve in Fig. 4 . For o polarization, we obtained ␣ o = 0.022 cm −1 and ␤ o = 0.71 cm/ GW. For e polarization, we obtained ␣ e = 0.067 cm −1 and ␤ e = 1.37 cm/ GW. These values are substantially lower than ␤ o = 7.1 cm/ GW and ␤ e = 16 cm/ GW reported previously under nanosecond pulse radiation at 355 nm in the same optical plane ͑yz͒, but at = 37°͑ =90°͒. 11 The origin of this discrepancy is not clear, but may be due to the small differences in the two models used for the calculation of the TPA coefficients and the difference in propagation angles. In addition, our measurements confirm that TPA is not an important factor in limiting the maximum THG conversion efficiency at ϳ50%. At the THG pulse energy of 67 J ͑I 0 Ϸ 0.18 GW/ cm 2 ͒, corresponding to the onset of saturation in conversion efficiency ͑Fig. 2͒, the calculated TPA loss at 355 nm in 3.26 mm BIBO crystal is ϳ1.3%. At the maximum THG pulse energy of 216 J ͑I 0 Ϸ 0.57 GW/ cm 2 ͒, the corresponding TPA loss is ϳ4%. These imply that the saturation in conversion efficiency in Fig. 2 may be more significantly due to pump depletion effects of fundamental and second harmonic pulses than TPA.
We also investigated possible presence of TPA at the second harmonic wavelength of 532 nm in the same 10 mm BIBO crystal, but did not observe any significant absorption at focused intensities of up to 3.5 GW/ cm 2 . We also did not observe any sign of optical damage to the BIBO crystals under picosecond pulse radiation in our experiments at 1064, 532, and 355 nm at optical intensities of up to 1 GW/ cm 2 . In conclusion, we have demonstrated efficient THG of microjoule, picosecond pulses at 355 nm in BIBO, providing 29 ps pulses with energies of up to 216 J and conversion efficiencies greater than 50%. We have also performed measurements of TPA coefficient in BIBO at 355 nm, confirming that it does not play a significant role in the attainment of the highest conversion efficiency in our experiments.
